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ABSTRACT: We report the crystal structure of N-utilizing substance A protein (NusA) fromThermotoga
maritima (TmNusA), a protein involved in transcriptional pausing, termination, and antitermination.
TmNusA has an elongated rod-shaped structure consisting of an N-terminal domain (NTD, residues 1-132)
and three RNA binding domains (RBD). The NTD consists of two subdomains, the globular head and the
helical body domains, that comprise a unique three-dimensional structure that may be important for
interacting with RNA polymerase. The globular head domain possesses a high content of negatively charged
residues that may interact with the positively charged flaplike domain of RNA polymerase. The helical
body domain is composed of a three-helix bundle that forms a hydrophobic core with the aid of two
neighboringâ-strands. This domain shows structural similarity with one of the helical domains ofσ70

factor from Escherichia coli. One side of the molecular surface shows positive electrostatic potential
suitable for nonspecific RNA interaction. The RBD is composed of one S1 domain and two K-homology
(KH) domains forming an elongated RNA binding surface. Structural comparison betweenTmNusA and
Mycobacterium tuberculosisNusA reveals a possible hinge motion between NTD and RBD. In addition,
a functional implication of the NTD in its interaction with RNA polymerase is discussed.

DNA-dependent RNA polymerases utilize several protein
cofactors to facilitate transcription. These proteins serve to
guide transcription by recognizing signal sequences along
the DNA template/RNA and thus control a host of transcrip-
tional processes. N-utilizing substance A protein (NusA)1 is
essential in modulating elongation through association with
the core component of RNA polymerase (RNAP) after the
σ70 initiation factor is released from a promoter (1). NusA
influences elongation by increasing the dwell time for RNAP
at certain pause sites (2-4), possibly by interacting with and
stabilizing the RNA hairpin structure associated with pause
sites (5, 6).

Sequence and structural alignments have suggested that
NusA has both S1 and KH homology domains that are
known to bind to RNA (7). The S1 and K-homology (KH)
domains of NusA are important for enhancing both tran-

scriptional termination and antitermination. TheEscherichia
coli NusA possesses two RNA polymerase-binding domains,
one in the amino-terminal 137 amino acids and the other in
the carboxy-terminal 264 amino acids (7). Amino-terminal
RNA polymerase-binding domain provides a functional
contact that enhances termination at an intrinsic terminator
or antitermination by phageλ N protein. The carboxy-
terminal domain is known to form an N-NusA-nut site or
N-NusA-RNA polymerase-nut site complex. The instabil-
ity of the complexes lacking this carboxy-terminal domain
of NusA can be compensated for by the presence of
additionalE. coli elongation factors (7). NusA is the largest
essential Nus protein (Mr ∼ 55 000) inE. coli. The NusA
gene is also present in theMycoplasma genitaliumgenome,
the presumed minimal set of genes required for a living
organism (8).

The crystal structures of NusA fromThermotoga maritima
(TmNusA-1) (9) andMycobacterium tuberculosis(MtNusA)
(10) have been reported. They describe the role of RNA
binding domain in detail. However, NTD was ambiguously
determined in the crystal structure ofTmNusA-1, and NTD
of one molecule out of two in the asymmetric unit was
invisible in the case ofMtNusA. Here, we report a completely
ordered 2.5 Å structure of NusA fromT. maritima(TmNusA-
2) and discuss the possible role of its NTD in the interaction
with RNA polymerase.

EXPERIMENTAL PROCEDURES

Cloning.Primers (Bioneer Corp., South Korea) for PCR
amplification from genomic DNA contained anNdeI restric-
tion site in the forward primer (5′-CATATGAACATAG-
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GCTTGCTGGAAGC) and aBamHI site in the reverse
primer (5′-AGATCTTTACAGGTTCATGATCGGTTTTAT-
GTC). PCR was performed with Deep Vent Polymerase
(New England Biolabs, Inc., Beverly, MA) and genomic
DNA (American Type Culture Collection, Manassas, VA).
The PCR product was cloned into pCR-BluntII-TOPO vector
(Invitrogen Corp., Carlsbad, CA) and theTmNusA gene
(gi_4982355) insert was confirmed by DNA sequencing. The
amplified TOPO vector was restricted withNdeI andBamHI
and the gene insert was purified by agarose gel electrophore-
sis extraction. The insert was ligated into pSKB3 (gift from
Steve Burley, Structural Genomics, San Diego, CA), digested
with NdeI and BamHI, and transformed into DH5R.
The expression plasmid construct was transformed into
Rosetta.pLysS.RAREE. coli cells (Novagen, Inc., Madison,
WI).

Bacterial Expression and Protein Purification.The Rosetta‚
pLysS.RAREE. coli cells harboring pSKB3/(His)6-TmNusA
plasmid were grown at 37°C in M9 medium containing 50
µg/mL kanamycin and 34µg/mL chloramphenicol until they
reached an OD600 of 0.8. The incubating temperature was
then lowered to 18°C and the selenomethionine (Se-Met)
TmNusA protein was prepared according to the method of
Doublie (11). The Se-MetTmNusA protein was induced with
0.3 mM isopropylâ-D-thiogalactopyranoside (IPTG) for 3
h. The cells were harvested by centrifugation (5000g for
10 min) and stored at-80 °C. The cell pellet was
resuspended in 50 mM Tris, pH 7.5, frozen in liquid nitrogen,
and thawed on ice. Protease inhibitors consisting of phenyl-
methanesulfonyl fluoride (PMSF), leupeptin, pepstatin, an-
tipain, and chymostatin were added to final concentrations
of 1 mM, 10 µg/mL, 2.5 µg/mL, 1 µg/mL, and 5µg/mL,
respectively. DNase I was added at a final concentration of
1 mg/mL. The cells were sonicated and spun at 12000g to
remove cell debris. The cleared lysate was incubated at 80
°C for 20 min to precipitate heat-unstable proteins fromE.
coli. The supernatant was collected after centrifugation for
30 min at 40 000g in a Beckman Ti70 rotor, filtered through
a 0.2µm filter, and brought to 0.3 M NaCl. The clarified
supernatant was mixed with Talon IMAC resin (BD Bio-
sciences Clontech, Palo Alto, CA) previously equilibrated
with buffer A (50 mM Tris-HCl and 0.3 M NaCl, pH 7.5)
for 1 h on atilt shaker in a batch method. The flowthrough
was collected after centrifugation at 700g for 5 min. The
resin was washed twice with 10 bed volumes of buffer A.
The (His)6-TmNusA protein was then eluted with 300 mM
imidazole. Fractions containing (His)6-TmNusA protein were
pooled and diluted 10-fold before they were applied on a
5-mL HiTrap Q column (Amersham Biosciences Corp.,
Piscataway, NJ) previously equilibrated with buffer B (20
mM Tris-HCl and 1 mM EDTA, pH 7.5). The column was
washed with 6 column volumes (CV) of buffer B. A 20 CV
linear gradient from 0 to 1 M NaCl in buffer B was applied.
Fractions containing (His)6-TmNusA protein were pooled and
concentrated by using a 10K Ultrafree unit (Millipore,
Billerica, MA) and finally dialyzed against buffer C (20 mM
Tris-HCl, 1 mM EDTA, and 0.1 M NaCl, 5% glycerol, pH
7.5). The protein concentration measured by absorbance at
280 nm was calculated by use of an extinction coefficient
of 27 880 M-1cm-1. Since we did not cleave the (His)6 tag,
the 25-residue tag (MGSSHHHHHHDYDIPTTENLYFQGH)
remained fused to the N-terminus of the protein.

The initial crystallization conditions were screened by the
sparse matrix method (12) with a Hampton Research kit
(Laguna Niguel, CA) at room temperature. One microliter
of 20 mg/mL protein solution in 20 mM Tris-HCl (pH 7.5),
1 mM EDTA, 0.2 M NaCl, and 5% glycerol was mixed with
one microliter of reservoir solution of 2% PEG 400, 2.0 M
ammonium sulfate, and 0.1 M Hepes, pH 7.5. The hanging
drop was equilibrated with 0.5 mL of reservoir solution.
Ellipsoidal-shaped crystals grew in a week to approximate
dimensions of 0.6 mm× 0.2 mm× 0.2 mm.

Data Collection and Reduction.The crystals were soaked
in a drop of mother liquor with 16% glycerol (about 10µL)
for about 1 min before being flash-frozen in liquid nitrogen
and exposed to X-ray. X-ray diffraction data sets were
collected at three wavelengths at the Macromolecular
Crystallography Facility, beamline 5.0.2, at the Advanced
Light Source at Lawrence Berkeley National Laboratory by
use of an Area Detector System Co. (Poway, CA) Quantum
4 CCD detector placed 140 mm from the sample. The
oscillation range per image was 1.0° with no overlap between
two contiguous images. X-ray diffraction data were processed
and scaled with DENZO and SCALEPACK from the HKL
program suite (13). The synchrotron data were collected to
2.5 Å. Data statistics are summarized in Table 1B. The crystal
belongs to the primitive tetragonal space groupP43212, with
unit-cell parameters of a) b ) 116.2 Å andc ) 64.6 Å.

Structure Determination and Refinement.Both the mul-
tiwavelength anomalous dispersion (MAD) and single-

Table 1: Statistics of X-ray Diffraction Data and Structure
Refinementa

(A) Comparison of Crystal Parameters and Refinement Statistics

TmNusA-2 TmNusA-1

wavelength (Å) 0.953 72 0.950 00
space group P43212 P43212
cell dimensiona ) b (Å) 116.2 115.5
cell dimensionc (Å) 64.6 63.8
volume fraction of protein (%) 52.1a 54.7
Vm (Å3/Da) 2.67 2.82
total no. of residues 344 344
total non-H atoms 2667 2667
no. of water molecules 228 375
average temperature factors (Å2)

protein 59.9 66.4
solvent 62.4 68.4

resolution range of reflections used (Å) 20.0-2.5 20.0-2.1
amplitude cutoff 0.0 0.0
R factor (%) 22.3 24.4
freeR factor (%) 29.8 31.9
stereochemical ideality: bond

bond (Å) 0.011 0.011
angle (deg) 1.58 1.66

(B) Statistices of the Three Wavelength MAD Data Sets

data set edge peak remote

wavelength (Å) 0.979 23 0.979 04 0.953 72
resolution (Å) 43.0-2.5 43.0-2.5 43.0-2.5
redundancy 4.8(3.1)b 10.5 (8.3) 4.9(3.1)
unique reflections 29 460 (1326) 29 536 (1408) 29 503 (1382)
completeness (%) 99.4 (90.1) 99.8 (96.8) 99.7 (95.0)
I/σ 23.8 (1.6) 34.1 (3.9) 24.3 (2.3)
Rsym

c (%) 6.6 (74.5) 6.9 (43.4) 6.4 (52.8)
a The 25-residue (His)6 tag was included to calculate aVm value,

though it was not visible in the electron density map.b Numbers in
parentheses refer to the highest resolution shell, which is 2.50-2.54 Å
for all wavelength data.c Rsym ) ΣhklΣi|Ihkl,i - 〈I〉hkl|/Σ|〈I〉hkl|.
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wavelength anomalous dispersion (SAD) experiments were
performed. However, we only used peak data set, because
the redundant SAD experimental electron density map was
of better quality. The program SOLVE (14) was used to
locate the selenium sites in the crystal and the program
SHARP (15) was used for phase refinement to 2.8 Å
followed by solvent flattening with SOLOMON (16). The
initial SAD phases were good enough to trace the backbone
structure of the protein. The model building was performed
with O (17). A model containing all 344TmNusA-2 residues
was derived from progressive improvement of the electron
density map by rounds of phase combination and manual
building. However, none of the 25-residue (His)6 tag was
modeled due to the lack of electron density.

The program CNS was used for all refinement calculations
(18). All the reflections in the peak data set between 20.0
and 2.5 Å were included throughout the refinement calcula-
tions. Ten percent of the data was randomly chosen for free
R-factor cross validation. The refinement statistics are shown
in Table 1A. IsotropicB-factors for individual atoms were
initially fixed to 15 Å2 and were refined in the last stages.
The 2Fo - Fc and Fo - Fc maps were used for manual
rebuilding between refinement cycles and for the location
of solvent molecules. Atomic coordinates have been depos-
ited in the Protein Data Bank under the access code 1L2F.

RESULTS AND DISCUSSION

Quality of the Model.All residues are well-defined by the
electron density for the refined model ofTmNusA-2 (Figure
1). The final model has been refined to 2.5 Å resolution with
a crystallographicR-factor of 22.3%. The averagedB-factors
for the main-chain and the side-chain atoms are 56.9 and
62.7 Å2, respectively. In the model ofTmNusA-2, the
residues showing the higherB-factors are located around the
N-terminal loop (residues 1-4, 109.8 Å2), the region around
R-helix H3 (residues 78-88, 109.4 Å2), and the C-terminal
loop (residues 342-344, 119.8 Å2). All residues lie in the
allowed region of the Ramachandran plot produced with
PROCHECK (19). Table 1A summarizes the refinement
statistics as well as model quality parameters. The mean
positional error in the atomic coordinates for the refined
model is estimated to be within 0.33 Å by the Luzzati plot
(20).

Structural Features of TmNusA-2. TmNusA-2 is a highly
elongated molecule with dimensions of 125 Å× 28 Å × 25
Å, due to five domains arranged in a linear manner (Figure
2). The NTD is divided into two subdomains, the globular
head domain and the helical body domain that is mainly
composed of three helices (H1, H2, and H4) (Figures 2 and
3). The NTD is followed by three RBDs: S1 domain, named
after its identification in ribosomal protein S1 (21), folds
into a five-stranded antiparallelâ-barrel with Greek key
topology and a small 310-helix following the third strandâ7.
Two KH domains are composed of mixedR/â. These two
well-known RNA binding motifs, S1 and KH domains, form
an elongated RNA binding surface, showing the first
structural example of two connected different RNA binding
domains as described in details by Worbs et al. (9).

Since there was a “two NusA” model proposed on the
basis of functional biochemical studies of NusA (22), we
examined molecular contacts in the crystal and performed

size-exclusion chromatography (data not shown) to research
the possibility of dimeric interaction. However,TmNusA-2
indicated a clear monomeric form in solution and in the
crystal without ambiguity.

Structural Comparison between TmNusA-1 and TmNusA-
2. The secondary structure comparison between the two
TmNusAs is depicted in Figure 3, and the comparison of
refinement statistics is listed in Table 1A. The root-mean-
square (rms) differences between the two structures are 2.38
Å for all 344 CR atoms, 2.48 Å for all main-chain atoms,
and 3.19 Å for all 2260 atoms. The major structural
differences are observed around NTD (residues 1-132)
(Figure 4a). The rms differences between NTDs are 3.38 Å
for 132 CR atoms, 3.27 Å for the main-chain atoms, and
4.34 Å for all 1053 atoms. The structural feature of NTD
(residues 1-132) can be divided into two subdomains: (a)
the globular head domain and (b) the helical body domain.
The globular head domain has a globular shape with minor
structural differences between the twoTmNusA structures
[e.g., the presence ofâ3 in TmNusA-2 (Figure 3)]. The
helical body domain forms an elongated hydrophobic core
surrounded by threeR-helices and two neighboringâ-strands
in the case ofTmNusA-2. This domain shows the largest
structural difference between the twoTmNusA structures as
shown in Figure 5 (residues 1-19, 6.41 Å for main-chain
atoms; residues 98-108, 4.30 Å; residues 123-132, 5.27

FIGURE 1: Initial electron-density map contoured at 1σ. The initial
map after solvent flattening with program SOLOMON (16) was
calculated from all reflection data between 20 and 3.2 Å. The N-
and C-terminal residues ofR-helix H4 are labeled. The red net
represents the electron-density map. The yellow tracing represents
a polyalanine model ofTmNusA-2.
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Å). In TmNusA-1, the N-terminal region (from 1 to 16) forms
a loop structure with two hydrophilic residues (E7 and Q11)
interspersed and disrupting the formation of a regular
hydrophobic core. In theTmNusA-2 structure, however, the
N-terminal region forms anR-helix (H1) with two hydro-
philic residues (E7 and Q11) protruding outward without
disrupting the hydrophobic core. The middle helix (H4)
connecting NTD to RBD is a 9-turn helix inTmNusA-2
rather than a 4-turn helix plus two loops as shown in
TmNusA-1 (Figure 4a). With the aid of these two helices
(H1 and H4), the NTD ofTmNusA-2 comprises a helical
bundle different from that ofTmNusA-1.

The structural features described above forTmNusA-2 are
more consistent with other observations: First, the higher
helical content in the NTD is strongly supported by a

biochemical experiment by Mah et al. (7). They showed that
the expressed NTD ofE. coli NusA (residues from 1 to 137)
has a helical content around 39% by CD analysis. Consider-
ing that the sequence homology in the NTD is around 57%
(33% identity) betweenE. coli andThermotoga maritima,
this high ratio of helical content (42%) inTmNusA-2 looks
more plausible than the low helical content inTmNusA-1
(25%). Second, the presence of the stable hydrophobic core
in NTD is more consistent with the fact thatTmNusA-2
showed an extreme thermostability at 80°C for 20 min
during purification. The helical bundle ofTmNusA-2 forms
a hydrophobic core with two neighboringâ-strands, while
TmNusA-1 shows several charged side chains interfering with
the formation of this core. In addition, the residues containing
hydrophobic aromatic rings located on a loop ofTmNusA-1

FIGURE 2: Stereo drawing of a CR trace of TmNusA-2. The helical body domain (green), the globular head domain (red), S1 (yellow),
KH1 (blue), and KH2 (purple) domains ofTmNusA-2 are represented as a thick line. Every twentieth residue is numbered and represented
by a dot. The N- and C-termini and the secondary structural elements are labeled. The figure was generated by MOLSCRIPT (31).

FIGURE 3: Sequence comparison ofTmNusA andMtNusA based on the crystal structures. The secondary structure derived fromTmNusA-2
is shown above the sequence. Blue dotted regions represent the sequences belonging toR-helices, green dots for 310-helix, and red dotted
regions forâ-strands. Most of the secondary structural elements are conserved betweenTmNusA-2 andMtNusA, except forâ3 and H3
present only inTmNusA-2 and one helix betweenâ5 andâ6 that is present only inMtNusA. The shaded regions refer to different structural
motifs and are maintained in Figure 2. A dash represents a gap in the sequence; asterisks are shown below conserved residues, and dots are
shown below homologous residues. The sequence number refers to that ofThermotoga maritima.
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NTD (Phe39 and Phe102) protrude toward the solution rather
than forming a hydrophobic core as shown inTmNusA-2
(Figure 5a). The displacements of Cú atoms of Phe39 and
Phe102 are 10.33 Å (4.72 Å for CR) and 15.25 Å (9.59 Å
for CR), respectively.

Actually, the crystallization conditions of the two structures
were almost the same except for two things: (1)TmNusA-2
had an N-terminal (His)6 tag of 25 residues and (2)
TmNusA-2 had been crystallized in 2.0 M ammonium sulfate
(AMS), which was higher than that forTmNusA-1 (1.8 M
AMS). Therefore, for the identification of the exact source
of difference in conformational change of NTD, more
experiments should be done. However, we did not see any
visible electron density of a (His)6 tag and thus postulate

that the (His)6 tag might not influence the conformational
change of the NTD.

Since Worbs et al. (9) mentioned the ambiguous structural
determination in NTD due to poor electron density quality
as reflected by both highR-factor and high freeR-factor
(Table 1A), it is more plausible that some region of the NTD
could have been wrongly determined inTmNusA-1. How-
ever, we cannot totally exclude the possibility of a potential
structural flexibility or a conformational transition as an
explanation of regions of unstructuredTmNusA-1 NTD.

The structure of the three RNA binding domains in the
rest of the molecule is almost the same in both structures.
The rms differences of this region between the two structures
(from 133 to 342) are 0.53 Å for 210 CR atoms, 0.67 Å for

FIGURE 4: Structural comparison of NusAs. (a) Structural comparison of three NusAs after CR rms fitting. Green representsTmNusA-2,
magenta forTmNusA-1, and yellow forMtNusA. The alignment ofTmNusA-2 andTmNusA-1 is based on the entire CR rms fitting. The
alignment ofTmNusA-2 andMtNusa is based on CR rms fitting of NTD and RBD, separately (see text). (b) Structural comparison of
TmNusA andMtNusA. TmNusA-2 structure is in green andMtNusA structure in yellow. The alignment ofTmNusA-2 andMtNusA is
based on CR rms fitting of two KH domains only (see text). The program RIBBONS (32) was used to generate the figures.
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main-chain atoms, and 1.16 Å for all 1597 atoms. However,
there are some differences: The S1 domain is connected to
a long helical segment (H4) inTmNusA-2 structure, in
contrast to an unstructured loop inTmNusA-1 structure
(residues 123-132). In theTmNusA-2 structure, Phe127 and
Tyr130 interact with the hydrophobic residues from S1
domain. However, inTmNusA-1 structure, these two residues
protrude toward the solution (Figure 5b).

These structural differences manifest themselves in the
local electrostatic surface potential difference of the NTD
between the two structures (Figure 6).

Worbs et al. (9) provided a structural point of view in
respect to several NusA mutations. There is an interesting
mutation in the so-called 449 region, a five amino acid
insertion in theSalmonella typhimuriumNusA between
residues 153 and 154 ofE. coli NusA (23). This mutation

FIGURE 5: Structural comparisons around the large rms regions of two differentTmNusAs. (a) Structural comparison of the hydrophobic
core in NTD (including residues 1-19 and 98-108). InTmNusA-1, Phe102 is exposed to solvent, while it is hidden in the hydrophobic
core inTmNusA-2. The hydrophobic residues are represented by ball-and-stick models. Others are drawn by a ribbon presentation. The
green representsTmNusA-2 and the red showsTmNusA-1. Phe39 and Phe102 are labeled. (b) Structural comparison of residues around the
connection between NTD and S1 domain. Residues from 125 and 132 are represented by ball-and-stick models. Phe127 and Tyr130 are
labeled.
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can deform the OB fold of S1 domain as well as disrupt the
hydrophobic interaction between H4 and S1 domain in the
TmNusA-2 structure. This mutation can affect the dynamics
of the linkage between S1 and NTD and thus could affect
TmNusA-2’s interaction with RNAP.

Structural Comparison between TmNusA-2 and MtNusA.
Unlike the elongated shape ofTmNusA-2,MtNusA displayed
a bent shape between NTD and RBD. Since theMtNusA
structure was solved in a different space group, crystal
contacts might induce a different conformation from that of
TmNusA-2. If KH domains of the two structures are
superimposed, the two NTDs are offset by about a 60°
rotation. It suggests that NTD and RBD behave like two rigid
bodies connected by a linker loop (Figure 4b). However, if
each domain ofMtNusA is aligned separately with that of
TmNusA-2, they are well matched to each other except for
the linker regions, indicating that the two structures share a
common fold (Figure 4a).

The rms differences between the structures ofTmNusA-2
andMtNusA are 2.78 Å for aligned 64 CR atoms out of 132
NTD CR atoms and 2.89 Å for aligned 206 CR atoms out

of 212 CR atoms from S1 and KH domains. These values
are 4.77 Å for 63 CR atoms of the S1 domain (residues from
121 to 128 of a helix fromMtNusA being excluded), 0.88
Å for 79 CR atoms of the first KH domain, and 0.66 Å for
64 CR atoms of the second KH domain. The major structural
differences are observed around NTD (residues 1-132) and
S1 domain (Figure 3).MtNusA does not have a globular
head domain. Therefore, its NTD is relatively smaller than
that of TmNusA-2. Nevertheless, the presence of Glu61,
Asp63, and Glu64 at the top of theMtNusA NTD surface
results in the same negatively charged electrostatic surface
potential as shown in the globular head domain ofTmNusA-2
(Figure 6).

The three helices ofMtNusA NTD form a helical body
domain like that ofTmNusA-2. The middle helix (H4 in
TmNusA-2) is a six-turn helix inMtNusA and is not
connected directly to S1 domain. Instead, a flexible linker
loop (residues from 100 to 107) connects the NTD to RBD
though it is not visible in the structure (Figure 4b).

The structures of two KH domains are almost the same in
both NusA structures (Figure 4a). However, the S1 domain

FIGURE 6: Electrostatic surface potential of NusAs. (a) The electrostatic surface potentials ofTmNusA-1 (left),TmNusA-2 (middle), and
MtNusA (right) are drawn with the program GRASP (33) (red, negative; blue, positive; white, uncharged). The globular head domains
show a strongly negatively charged surface. (b) The figures were drawn after 180° rotation of the top figures around the vertical axis.
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of MtNusA has an extra helix betweenâ5 and â6 (10)
(Figures 3 and 4), an area suggested to be an RNA binding
region by Worbs et al. (9). The overall electrostatic surface
potential of the two structures is slightly different, indicating
its general roles in interacting with nonspecific RNA.

Possible Function of NTD.A DALI search (24) with NTD
was performed to find out a possible molecular function
based on structural homologues. The highest resemblance
is detected with Lobe II of rad50 ABC-ATPase fragment
from Pyrococcus furiosuswith a Z value of 3.0. The rms
deviation is 2.3 Å for 50 pairs of aligned CR atoms of NTD.
Although overall topology is similar between the two
domains, the NTD ofTmNusA has one helix (H3) insertion
and does not have a signature motif that binds to a phosphate
of ATP as shown in the rad50 ABC-ATPase fragment
structure (25). Thus, we do not think that the NTD is an
ATPase.

The globular head domain of NTD shows a negatively
charged surface potential as discussed above. The sequence
comparison of the domain from different species shows that
the negatively charged residues are positioned around
residues 61-94 (Figure 7a). This property may be related
to the function of NusA to interact with the positively
charged flaplike domain of RNA polymerase. It is reported
that a shortR-helix at the tip of the flaplike domain covering
the RNA exit channel of RNAP contacts a nascent RNA

stem-loop structure (hairpin) that inhibits transcription, and
this flap-tip helix is required for activity of the regulatory
protein NusA (26). The sequence alignment of flaplike
domains among different species reveals many positively
charged residues such as lysine or arginine (Figure 7b). Since
the NTD of NusA is known to bind with the core domain of
RNA polymerase, the negatively charged globular head
domain may be a strong candidate for direct interaction with
the flaplike domain of RNA polymerase.

The globular head region also has three hydrophobic
patches composed of the following residues; (a) Leu61,
Pro85, Leu86, Ala87, and Ile92; (b) Val68, Pro71, Ala72,
Leu62, Ala81, Ile75, Ile83, and Val93; and (c) Val64, Val65,
Leu77, and Val89. This property may also confer the ability
of NusA to interact with hydrophobic patches of RNA
polymerase including the flap-tip helix (Figure 7b). The
globular head domain is the most nonconserved region in
the multiple sequence alignment of NusAs (Figure 7a),
suggesting that this region may endow the species specificity
of NusAs for their cognate RNA polymerase.

The binding regions ofE. coli NusA with RNA poly-
merase have similar properties as those of theσ70 factor (27).
When DALI is run with atomic coordinates of the helical
body domain only, one structural homologue is part of
R-helices of theσ70 factor (Z ) 4.4). The crystal structure
of the core domain ofσ70 factor revealed that it was

FIGURE 7: Sequence comparisons. (a) Sequence comparison of a globular head region among some NusA homologues fromThermus
aquaticus (TA), Escherichia coli (EC), Deinococcus radiodurans(DR), Clostridium acetobutylicum(CA), Bacillus subtilis (BS),
Mycobacterium tuberculosis(MT), Thermotoga maritima(TM), Mycoplasma genitalium(MG), andMycoplasma pneumoniae(MP). The
red characters represent negatively charged residues. The green shaded region refers to the globular head domain. The sequence number
refers to that ofThermotoga maritima. (b) Sequence comparison of a flaplike domain among some RNA polymerases. The flaplike domain
is approximately from 704 to 829 based on the crystal structure ofThermus aquaticusRNA polymerase. The blue characters represent the
positively charged residues exposed to solvent; the green represents residues toward the inside of RNA polymerase. The magenta shaded
region refers to the flap-tip helix. The sequence number refers to that ofThermus aquaticusRNA polymerase. Dashes in the sequence
represent gaps; asterisks are shown below conserved residues, and dots are shown below homologous residues.
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composed of an all-helical structure with a V-shape (28).
Interestingly, the helices involved in RNA polymerase
binding indicate high structural similarity with the helical
bundle ofTmNusA-2 (helices H12b, H13, and H14 ofσ70

factor (28) approximately matched helices H1, H2, and H4
of TmNusA-2, respectively). Theσ70 factor (region 2.2) is
known to induce RNA polymerase initiation through inter-
action with a helix bundle (a 48 amino acid coiled-coil from
the â′ subunit [residues 262-309]) in front of the rudder
domain of RNA polymerase (29). This implies the impor-
tance of the helical secondary structure of the helical body
domain of NusA NTD for interaction with RNA polymerase.

CONCLUSIONS

Structural comparison ofTmNusA-2 andMtNusA revealed
two common structural features of the NTD. First, the top
surface of NusA NTDs shows negatively charged electro-
static potential regardless of the structural differences of their
globular head domains. Second, both structures form a helical
bundle with a hydrophobic core in the helical body domain
of the NTD. The structural alignment of the NTD and RBD
betweenTmNusA-2 andMtNusA indicates another feature:
the presence of a hinge motion between the middle helix
(H4) and S1 domain. As NusA interacts with RNA poly-
merase and mRNA, the flexibility between domains may
facilitate a proper fitting interaction with target molecules.
Therefore, we can expect a possible structural transition of
both ends of H4 (residues 98-108 and/or 123-132) from
helix to loop or vice versa (Figure 4). If this is the case,
TmNusA-1 andTmNusA-2 structures may represent two
states of the transition. Since RNA polymerase has been
observed to undergo significant conformational changes upon
switching fromσ70 factor to NusA (30), the flexibility of
NusA may enable itself to respond to or induce such changes
in RNA polymerase.
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